Cold-sensitive phenotypes have helped us understand macromolecular assembly and biological phenomena, yet few attempts have been made to understand the basis of cold sensitivity or to elicit it by design. We report a method for rational design of cold-sensitive phenotypes. The method involves generation of partial loss-of-function mutants, at either buried or functional sites, coupled with selective overexpression strategies. The only essential input is amino acid sequence, although available structural information can be used as well. The method has been used to elicit cold-sensitive mutants of a variety of proteins, both monomeric and dimeric, and in multiple organisms, namely Escherichia coli, Saccharomyces cerevisiae, and Drosophila melanogaster. This simple, yet effective technique of inducing cold sensitivity eliminates the need for complex mutations and provides a plausible molecular mechanism for eliciting cold-sensitive phenotypes.
Cold-sensitive phenotypes have helped us understand macromolecular assembly and biological phenomena, yet few attempts have been made to understand the basis of cold sensitivity or to elicit it by design. We report a method for rational design of cold-sensitive phenotypes. The method involves generation of partial loss-of-function mutants, at either buried or functional sites, coupled with selective overexpression strategies. The only essential input is amino acid sequence, although available structural information can be used as well. The method has been used to elicit cold-sensitive mutants of a variety of proteins, both monomeric and dimeric, and in multiple organisms, namely Escherichia coli, Saccharomyces cerevisiae, and Drosophila melanogaster. This simple, yet effective technique of inducing cold sensitivity eliminates the need for complex mutations and provides a plausible molecular mechanism for eliciting cold-sensitive phenotypes.
conditional mutants | rational design | cold sensitivity | heat-induced expression | transfer between organisms C onditional mutants are powerful tools for studying gene function in vivo. A conditional mutant retains the function of a gene under one set of conditions, called permissive, and lacks that function under a different set of conditions, called restrictive, whereas the wild type (WT) phenotype is similar across both conditions. Cold-sensitive (cs) mutants behave like loss-of-function mutants at temperatures lower than a cutoff temperature, but have WT-like phenotypes at higher temperatures. In contrast, temperature-sensitive (ts) mutants show heat sensitivity and behave like the WT below the restrictive temperature. Both cs and ts mutants can provide important information about protein structure, function, and assembly. cs mutants are rarer than ts mutants, and the molecular basis for generation of cs phenotypes is currently unclear.
cs mutants have been used to analyze various biological phenomena, most commonly the cell cycle (1-3), ribosome assembly (4) (5) (6) (7) (8) , and protein export (9) (10) (11) , as well as to understand macromolecular structure-function relationships (12, 13) . Various ts and cs variants also have helped us understand P22 phage coat protein assembly. Using a combination of both ts and cs mutants causing defects at different stages of the assembly pathway, the order of the various steps occurring along this pathway has been determined (14) . Thus, these conditional mutants have led to a greater understanding of phage genetics, protein folding, and macromolecular assembly (15) (16) (17) . Similarly, cs and ts mutants of different genes essential for cell division, in combination with temperature-shift experiments, have been used to understand the cell cycle phases in which each of these genes act (18) .
Various changes at the amino acid level or gene regulation level can cause cold sensitivity. Some cs mutants have been suggested to result from altered feedback inhibition of certain metabolic pathways at lower temperatures (19, 20) . Cold sensitivity also has been attributed to a decreased hydrophobic effect at lower temperatures (12, 21) , and could arise when mutations cause oligomers to fall apart at low temperatures (22) . It also has been suggested that cs mutants are likely to arise in pathways that are inherently coldsensitive (23) . In addition, mutations that reduce mobility in parts of the protein essential for activity could result in cold sensitivity. These mutants are rescued by the increased thermal energy at higher temperatures (17, (24) (25) (26) . There are also situations in which kinetic traps result in misfolding or misassembly at lower temperatures, but get resolved at higher temperatures. This is seen in RNAs, where long-lived, hairpin-like secondary structures form at low temperatures (4) . Thus, given the complexity of existing proposed mechanisms, how to rationally design mutants to elicit such phenotypes is unclear.
A study of cs mutants of SecE, a component of the Escherichia coli protein secretion machinery, revealed that mutations in the ribosome-binding site and other upstream regulatory elements of secE, resulted in a cs phenotype by reducing the level of WT protein expression (27) . In another study, several spontaneous revertants of ts mutants of several aminoacyl tRNA synthetases were obtained that continued to harbor the allele for the thermolabile mutant enzyme, but also had mutations in regulatory elements that resulted in overexpression of these ts enzymes. The increased levels of the mutant enzyme compensated for the heat-sensitive nature of the mutation, leading to WT-like phenotypes (28) (29) (30) (31) . These studies draw attention to the role played by alterations in in vivo levels of a protein, resulting in mutant phenotypes.
The genetic utility of conditional mutants makes it desirable to develop methods for their rational design. Temperature-modulated expression has several advantages over alternative methods of conditional gene expression, such as ligand-induced expression (32, 33) . These include rapid response, reversibility, and applicability to all tissues and stages of the life cycle of the organism. Although there are tools and techniques for designing ts mutants (34) (35) (36) , there have been few systematic studies on the rational or semirational generation of cs mutants of a protein (12, 13) . We propose a simple and effective technique for generating cs phenotypes by selectively modulating the expression levels of rationally designed partial loss-of-function mutants. This method exploits both the property of the mutation that causes partial loss of function and the Significance Temperature-sensitive (ts) and cold-sensitive mutants (cs) provide rapid and reversible means to lower the level of a specific gene product at any stage in the life cycle of an organism. cs mutants are rare, and the molecular determinants of cs phenotypes are poorly understood. We present and validate a method for the rational elicitation of cold-sensitive phenotypes that involves the design of partial loss-of-function mutants based solely on amino acid sequence, and the coupling of such mutants to a heat responsive promoter. This study provides insight into the molecular determinants of cold sensitivity. Such designed cs mutants provide insight into gene function and also can be coupled with ts mutants to order genes in a pathway.
compensation by overexpression at high temperatures to elicit cs phenotypes.
We have previously shown that, using the amino acid sequence as the sole input, it is possible to rationally design ts mutants of the E. coli toxin CcdB and the yeast (Saccharomyces cerevisiae) transcription factor Gal4 (36) . An algorithm has been used to predict buried sites in the protein (37, 38) . It has been shown that mutations at these predicted buried sites could potentially lead to destabilized mutants that are less active than the WT (36, 39) . We hypothesized that selectively increasing the expression levels of such partial loss-of-function mutants at higher temperatures could overcome the debilitating effect of the mutation at those temperatures, leading to WT-like phenotypes at high temperatures, whereas the meager basal level expression at lower temperatures could result in a cs phenotype. To this end, we designed potential partial loss-of-function mutants of four test proteins-E. coli toxin CcdB, S. cerevisiae transcription activator Gal4, and S. cerevisiae enzymes Ura3 and Trp1-and cloned them under heat-inducible promoters to achieve selective overexpression at higher temperatures. As hypothesized, we observed cs phenotypes in E. coli CcdB as well as in S. cerevisiae Gal4, Ura3, and Trp1. We also successfully demonstrated transferability of the cs phenotype of Gal4 mutants from yeast to Drosophila, thereby validating this technique across multiple model organisms. CcdB is a cytotoxin, part of an E. coli toxinantitoxin system. It poisons DNA gyrase and causes cell death (40) , which facilitates the screening of mutants that affect activity. The protein is 101 aa long and exists as a homodimer (41) . A library of 1,430 single-site mutants, constituting 75% of all possible single-site mutants of the 101-aa-long protein, was created in previous studies in the laboratory (39) . Several mutants from this library have already been characterized, and it has been shown that mutations at buried sites in CcdB lead to decreased stability, solubility, and activity in vivo (39, 42, 43) . Five mutants of CcdB at buried sites that were less thermostable and soluble than the WT and had varying levels of activity were chosen from this library. When these mutants were expressed from the arabinose-inducible P BAD promoter, some showed a ts phenotype, but none displayed cold sensitivity (Fig. S1) . These mutants were then cloned under a heat-responsive promoter.
The heat shock response in E. coli, unlike that in S. cerevisiae and other eukaryotes, involves short bursts of transcription driven by specific heat shock sigma factors (44) . Therefore, an expression system with a heat-sensitive repressor was used to achieve sustained heat-induced expression of genes in E. coli (45) . The WT ccdB and mutants were cloned under the λ P R promoter in plasmid PRIT2T as a C-terminal fusion to protein A (46) . These plasmids were transformed into the lysogenic strain DY330, which has a ts λ cI repressor (47) . The expression levels from the P R promoter in such a system increase in a graded manner as the temperature increases beyond a certain threshold (48) . At low temperatures, the repressor is active, and there is no expression of the CcdB toxin, resulting in cell growth. At 36°C, the repressor is destabilized slightly and dissociates from the binding region in the P R promoter, leading to mild derepression. The resulting low-level expression of the downstream protein A-CcdB fusion leads to cell death in cases of WT CcdB and the active mutant D19N. The other four mutants are less active than the WT and thus are unable to cause cell death at low levels; therefore, they show a phenotype similar to that of the cells transformed with the vector alone ( Fig. 1) . At 38°C, expression from the P R promoter is increased relative to 36°C. At this higher expression level, there is a sufficient amount of partially active mutant protein to result in cell death. Thus, these mutants show a WT-like phenotype at 38°C (Fig. 1) .
The DY330 cells are prophages and cannot grow at high temperatures such as 40°C, whereas the cI repressor remains stable and active below 36°C, preventing gene expression from the P R promoter. Thus, there is a narrow temperature range (36-38°C) available for examining the phenotypes. In this range, WT CcdB is active at both lower and higher temperatures, whereas the mutants show activity only at the higher temperatures, thus displaying cs behavior (Fig. 1) .
Partial Loss-of-Function Mini-Gal4 Mutants Yield a cs Phenotype in S. cerevisiae When Expressed from a Heat-Inducible Promoter. The heat shock response in yeast involves sustained expression of genes downstream of promoters containing heat shock elements (HSEs). In the present study, to achieve selective overexpression at elevated temperatures, we chose the promoter of the SSA4 gene, which shows low basal expression and a large increase in expression level on heat shock (49) . We first tested previously designed partial lossof-function mutants of yeast transcriptional activator Gal4 for possible cs behavior with this expression system. For ease of genetic manipulation, we used a truncated version of GAL4 that codes for mini-Gal4 (mGal4), which has similar activity as full-length Gal4 (36) . We chose four designed mutants of Gal4 that we had previously generated and found to have lower activity than WT (35, 36) . Of these, R15W and K23P mutations were in the DNA-binding region, whereas the F68P and L70P mutations were in the dimerization region. The DNA-binding domain mutants had been designed by choosing DNA-contacting residues from the Gal4-DNA complex structure (Protein Data Bank ID code 1D66), whereas the dimerization domain residues predicted to be buried were mutated to yield the mutants F68P and L70P (36) . All of these mutants were cloned under the SSA4 promoter, which is heat-inducible (49) .
Gal4 activity was probed by monitoring the expression of lacZ and ADE2 reporter genes, cloned under promoters containing the upstream activating sequence (UAS). The levels of LacZ/Ade2 are proportional to the level/activity of the WT/mutant Gal4. LacZ levels are measured by lysing cells in the presence of the chromogenic substrate X-Gal, and then monitoring the intensity of the blue color thus produced. K23P showed the strongest cs phenotype, followed by F68P. R15W was marginally cs. L70P, which previously had shown only mild loss of activity when expressed with the constitutive alcohol dehydrogenase (ADH1) promoter (36), did not exhibit any cs behavior in this expression system, retaining WT-like activity at all temperatures ( Fig. 2A) . Fig. 1 . The cs phenotype of ccdB mutants cloned under the λ P R promoter in a heat-inducible expression system. DY330 cells containing WT ccdB and mutants were grown at 36°C and 38°C. WT CcdB caused cell death, and transformed cells did not grow at both temperatures. DY330 refers to untransformed cells. PRIT2T indicates cells containing the empty vector, which showed growth at both temperatures. D19N mutation showed a WT-like phenotype. The remaining mutants of CcdB showed a cs phenotype and caused cell death only at the higher temperature of 38°C.
A hallmark of a good conditional expression system is that it must be efficiently modulated through the transfer between restrictive and permissive conditions. To accurately quantify levels of LacZ, cells were grown at 19°C (nonpermissive) until saturation and then shifted to the desired temperature for 4 h to trigger expression of GAL4, which in turn would drive the expression of UAS-lacZ. These LacZ levels were quantified and found to be low at 19°C and 30°C, likely owing to low Gal4 levels at these temperatures, whereas expression was at least threefold higher at 42°C, because of higher Gal4 expression levels from the heat-induced promoter (Table S1 ). The LacZ levels in cells containing WT GAL4 exceeded those in cells with mutant alleles at all temperatures studied. Expression of the ADE2 reporter was monitored by growing the cells in low-adenine (5 μg/mL) SC-U medium (50) . The absence of Ade2 enzyme resulted in the accumulation of purine precursors in the vacuole, causing the colony to turn red in color. Cells containing K23P, R15W, and F68P mutants of GAL4 exhibited cold sensitivity at both 25°C and 30°C, whereas L70P showed WT-like behavior (Fig. 2B ). At 37°C, the cells with mutant Gal4 were not pigmented, demonstrating alleviation of the mutant phenotype. Thus, a strategy combining destabilizing mutations and selective modulation of expression can be used to generate cs phenotypes.
Molecular Basis of the Mutant Phenotype. To quantitate the decrease in activity of Gal4 mutants, the DNA-binding region of WT Gal4 (residues 1-86) was cloned in a bacterial expression vector, with a 6xHis tag at the N terminus. Mutants (R15W, K23P, and F68P) were generated by site-directed mutagenesis of the WT. On overexpression, although the WT was largely in the soluble fraction of the cell lysate, the mutants were predominantly insoluble, and only F68P could be purified for further characterization. The thermal stabilities of WT Gal4 and F68P were measured by a thermal shift assay (TSA) (51) . The mutant had a lower melting temperature (T m ) value than the WT, and both the WT and the mutant were significantly stabilized on DNA binding (Table 1 and Fig. S2 ). The affinity of the proteins toward the UAS DNA was measured by biolayer interferometry (52, 53) at both 30°C and 37°C. The traces were fit to a 1:1 Langmuir interaction model to estimate the approximate binding affinities (Table 1 and Fig. S3 ). At both temperatures, the mutant protein had lower affinity for DNA than the WT, as seen by the higher K d values. On incubation at 37°C, both the WT and the mutant seemed to undergo some conformational change or destabilization, resulting in a decreased magnitude of DNA binding. The binding process also appeared to become more biphasic, especially during the dissociation step ( Fig. S3 B and D) .
Transferability of the cs Phenotype from Yeast to Drosophila. To generate cs phenotypes in Drosophila, the four mutants of Gal4 that had been studied in yeast (R15W, K23P, F68P, and L70P) were cloned into the pGMR-hs vector, under a heat-inducible promoter. The pGMRhs vector contains HSEs along with a fragment containing a pentamer of truncated Glass-binding sites derived from the Drosophila Rh1 promoter (54) . When expressed under the GMRhs promoter, Gal4 is expressed in the eye imaginal disk posterior to the morphogenetic furrow, with increased expression on heat shock. Gal4 can then direct transcription of reporter genes placed next to the Gal4 UAS. In Drosophila, mGal4 has substantially less activity than full-length Gal4 (33) , and thus full-length Gal4 and its mutants were used for these studies.
Following microinjection, several independent transgenic lines were obtained for each construct. These transgenic lines were crossed to different UAS reporter lines, including UAS-hid and UAS-nuclear lacZ (UAS-nlacZ) (35) , and progeny of these crosses were examined for reporter gene expression as a function of temperature. As in the case of S. cerevisiae, the mutants in the DNA-binding domain (R15W and K23P) showed a cs phenotype with both UAS-nlacZ (Fig. 3A) Fig. 2. Gal4 mutants expressed from a heat shock promoter in yeast display cs phenotypes. Phenotypes were analyzed by monitoring UAS-lacZ (A) and UAS-ADE2 (B) reporter gene expression driven by WT and mutant mGal4s. pGBA refers to WT mGAL4 expressed from the constitutive ADH1 promoter. SSA-GBA refers to WT mGAL4 expressed from the heat shock SSA4 promoter. The mutants expressed from the heat shock promoters are labeled SSA (mutation). In A, the hydrolysis of X-Gal by β-gal yielded a blue-colored product. The blue color is a measure of the level of β-gal, which in turn is a measure of the activity of Gal4 (WT/mutant). In B, the cells had a pink hue when they lacked Ade2. When the Gal4 (WT/mutant) was driving ADE2 expression, the cells resembled the white-colored WT colonies. The data in both A and B show that K23P confers the strongest cs phenotype, followed by R15W and F68P. L70P shows WT-like behavior.
and UAS-hid (Fig. 3B) reporters. F68P mutant in the dimerization domain also showed a weak cs phenotype (Fig. 3B , j-l and Fig. S4 C  and D) , whereas L70P showed a WT-like phenotype in all cases (Fig.  3B , m-o and Fig. S4 E and F) . The difference in degree of severity of cs behavior of the mutants in S. cerevisiae and Drosophila could arise from the different strengths of the S. cerevisiae and Drosophila heat-induced promoters, leading to small, yet significant differences in protein levels between the two organisms.
For studying toxic or lethal genes, a conditional system that provides both temporal and spatial resolution is desirable. Thus, we monitored UAS-hid reporter gene expression, driven by GMRhs-R15W gal4 and GMRhs-K23P gal4 mutants on temperature shift. As opposed to earlier experiments in which the organism had been grown throughout at either the restrictive temperature or the permissive temperature, here the early third instar larvae grown at 18°C (nonpermissive) were transferred to a permissive temperature (31°C). After transfer, larvae were kept at 31°C until flies emerged. The mutant Gal4s showed a significant induction of reporter gene expression on temperature shift and produced flies with abnormal eyes (Fig. S5 E and H) . Larvae grown throughout at 31°C served as a positive control (Fig. S5 F and I ). The larvae that had been shifted showed an abnormal eye phenotype, similar to the positive control. Development throughout at the restrictive temperature (18°C) produced flies with normal eyes (Fig. S5 D and G) . The WT showed abnormality/lethality at all temperatures as well as on transfer (Fig. S5 A-C) . Thus, we successfully demonstrated the transferability of selected phenotypes from yeast to Drosophila. Furthermore, the temperature-shift experiments also indicated that this can be used as a conditionally activated system.
The csGal4 Mutant-Based System Results in Better Control at the Restrictive Temperature than a Gal80ts-Based Conditional Expression System. Methods for conditional expression of target genes in Drosophila have been reported previously (32, (55) (56) (57) (58) (59) . One of the most convenient systems, known as temporal and regional gene expression targeting (TARGET) (55), uses a temperature-sensitive allele of Gal80 (Gal80ts) expressed from the tubulin 1α promoter (tub promoter), to regulate Gal4 expression in a temporal manner. Gal80 is an inhibitor of Gal4. Gal80ts molecules are able to repress Gal4 activity at 18-19°C, but fail to do so at 30-32°C. We previously examined this system, in which the Gal80ts molecule inhibits Gal4 function at lower temperatures but becomes nonfunctional at higher temperatures, thereby allowing Gal4 to function. This results in cs expression of the UAS reporter gene.
We found that the Gal80ts did not completely repress Gal4 at 18°C, leading to leaky expression of the UAS reporter gene. With the toxic UAS-hid reporter, this resulted in slightly abnormal eyes, even at the restrictive temperature of 18°C (35) . This incomplete repression is undesirable if essential or lethal genes are to be studied. In contrast, the GMRhs-R15W and GMRhs-K23P gal4 flies exhibited nearly normal eyes at the restrictive temperature (18°C) (Fig. S5 D and G) and abnormal eyes on a shift to the permissive temperature (31°C) (Fig. S5 E and H) . We also found that induction of UAS-nlacZ reporter was more uniform with our csGal4 system (Fig. S6 D and F) than with the Gal80ts system, in which induction seemed to be nonuniform, with a high level of induction just ahead of the morphogenetic furrow (35) . This nonuniform expression pattern, which could arise owing to use of the tub promoter, is absent in the expression patterns seen in our system.
Designed cs Phenotypes of S. cerevisiae Ura3. To test the broad applicability of this technique, we attempted to elicit cs phenotypes in two more S. cerevisiae proteins, Ura3 and Trp1. URA3 codes for orotidine 5′-phosphate decarboxylase (ODCase), which catalyzes the de novo synthesis of uridine monophosphate. This 267-aa-long protein functions as a dimer, and S. cerevisiae deficient in this enzyme are auxotrophic for uracil. For identifying buried residues, the amino acid sequence of Ura3 was provided as input to the prediction program TSpred (38) , which uses an algorithm that we have described previously (37) . This program uses one of two sequencederived parameters, either average hydrophobicity or hydrophobic moment, to predict buried residues with high accuracy. Four residues from the high-confidence predictions (probability of burial ≥90%) and two more residues from 80% probability predictions were chosen and randomized individually to obtain partial loss-offunction mutants ( Table 2 ). The crystal structure of Ura3 (Protein Data Bank ID code 1DQW) was examined to confirm that all of the chosen residues were indeed buried (accessibility <5%). Of the 24 residues predicted to be buried at 80% confidence by TSpred, 21 were actually buried in the crystal structure, consistent with the known accuracy of the algorithm (37) .
The chosen amino acid codons were individually randomized with primers containing the sequence NNN at the position to be mutated. After randomization, each library was cloned into the PRS314 vector between the SSA4 promoter and the ADH1 terminator. Four-fragment recombination was used to obtain the final SSA-URA construct. Each library thus obtained was screened by replica plating on SC-U-W plates and grown at 19°C, 30°C, and 37°C. In the absence of uracil, cells will not grow unless there is sufficient enzymatic activity by the cloned mutants. From each plate, colonies exhibiting a cs phenotype with growth at higher temperatures but not at lower temperatures were chosen. These colonies were grown in liquid culture, and plasmids were isolated, sequenced, and retransformed to confirm the cs pheotype (Fig. 4) . cs mutants were obtained at all of the chosen predicted buried positions except position 231.
As expected, mutations that resulted in substitution of the WT amino acid with a similar amino acid, such as I232M, showed a weak cs phenotype, whereas mutations that caused a significant change in the size or nature of the amino acid (L148T, F182C, and I232C) and would likely destabilize the protein (36) showed activity and growth only at higher temperatures, thus displaying a strong cs phenotype. Cells containing WT Ura3 (positive controls) grew at all of the temperatures studied, and cells transformed with the vector alone (negative control) did not show any growth in all conditions studied. The ura3 mutants were also plated on fluoroorotic acid 250 ± 85 *The T m value reported here is the approximate T m derived from the TSA. The procedure is described in SI Materials and Methods.
† For binding studies at 37°C, the protein was incubated at 37°C for 30 min before the experiment. The plate temperature in the Octet instrument was set to 37°C, and binding studies were conducted once the sample plate temperature reached 37°C.
(FOA) plates (SC-W, 2 mg/mL 5′-FOA, and 50 μg/mL uracil), on which only inactive mutants should grow (Fig. S7) . Mutants that showed an inactive phenotype at 18°C were rescued by overexpression at 37°C.
WT and Mutant SSA4-URA3 Are Transcribed to Similar Levels. To determine the extent of overexpression at higher temperatures, the transcript levels of URA3 expressed from the SSA4 promoter were measured in cells transformed with either WT SSA-URA3 or one of two mutants, L148T or F182C. The total RNA was isolated from cells grown at 19°C, 30°C, and 37°C, and then reversetranscribed. The levels of URA3 transcripts were then detected in the cDNA samples by quantitative PCR (qPCR), using ACT1 as an internal control. The URA3 mRNA levels at 30°C were slightly greater than those at 19°C, whereas those at 37°C were roughly 15-fold higher. The levels of mRNA at each temperature were similar for the WT and the two mutants, indicating that the cs phenotype observed was likely due to destabilization of the protein caused by the specific mutation, and did not arise from any difference in transcript level across the different mutants (Fig. 5) .
Designed cs Phenotypes of S. cerevisiae Trp1. TRP1 codes for the enzyme phosphoribosyl anthranilate isomerase, which catalyzes a crucial isomerization step in tryptophan biosynthesis, and null mutants of TRP1 are auxotrophic for tryptophan (60) . This enzyme is 224 aa long and exists as a monomer in solution, and its crystal structure has not yet been solved. cs phenotypes of Trp1 mutants were elicited using a strategy similar to that used for Ura3. Buried residues were identified by TSpred (38) , with the amino acid sequence serving as the sole input. Three residues from the high-confidence predictions (probability of burial ≥90%) and one additional residue from the 80% confidence predictions were chosen and randomized individually to obtain partial loss-of-function mutants ( Table 2) . Each library was cloned into the SSA-GBA vector between the SSA4 promoter and the ADH1 terminator using three-fragment recombination in S. cerevisiae, and then screened by replica plating on SC-U-W plates grown at 19°C, 30°C, and 37°C. cs mutants were identified as those that grew selectively at higher temperatures on the tryptophan dropout media (Fig. 6 ). Once these were sequenced, the substitutions could be classified as hydrophobic to charged (I38R), hydrophobic to polar (I38T), or causing an appreciable change in size of the amino acid side chain (M176G). All of these substitutions were expected to be destabilizing.
In all cases, the expression levels at 30°C were sufficient to rescue the mutant phenotype (Fig. 6 ). The TRP1 gene was cloned in a multicopy 2μ origin plasmid, in contrast to the URA3, which was cloned in a single-copy plasmid. Thus, the total amount of mutant Trp1 produced at 30°C suffices for cell survival, whereas for some of the Ura3 mutants, a higher temperature is needed to achieve sufficient expression levels. The successful elicitation of Trp1 cs mutants using the amino acid sequence alone as the input also demonstrates that this methodology can be applied to proteins with unknown structures.
Discussion
Here we have demonstrated that by selective manipulation of protein levels in vivo, a partial loss-of-function mutant can be tailored to show cold sensitivity. These mutants have reduced activity as a result of the mutation, but the increased transcription from the heat shock promoter and the resulting higher protein levels adequately compensate for the effect of the mutation, leading to a WT-like phenotype at higher temperatures.
It is well known that interactions between buried residues in the protein core are the primary determinants of protein stability, that mutants at such positions typically reduce stability and activity, and that a subset of buried positions can be accurately predicted from the amino acid sequence (36, 37) . Based on the foregoing, with the amino acid sequence as the sole input, we successfully predicted residues that were likely to be buried (37, 38) , mutagenized them, and selected mutants that showed the desired cs phenotype for a variety of proteins of different oligomeric states and in multiple organisms.
We anticipate that most partial loss-of-function mutants, especially those at buried positions, are likely to be inherently ts, because destabilizing processes, such as proteolysis and protein aggregation, are enhanced as temperature increases. In support of this, when the ccdB mutants used in the present study were expressed from the arabinose-inducible P BAD promoter, ts mutants were obtained, but none of the mutants displayed a cold-sensitive phenotype (39, 61) (Fig. S1) . Similarly, the Gal4 mutants used in this study showed a ts phenotype when expressed from a constitutive ADH1 promoter (35) . In addition, the purified Gal4 F68P mutant protein ; (e-h) GMRhs-R15W gal4; (i-l) GMRhs-K23P gal4. Eye imaginal discs (anterior is up; the arrow points posterior to the furrow) were labeled with control mouse anti-Elav antibody (a, b, e, f, i, and j) or rabbit anti-β-gal antibody (c, d, g, h, k, and l). Gal4 was expressed posterior to the furrow in the region stained by the anti-Elav antibody. Both R15W and K23P mutants showed cs reporter gene expression; there was practically no expression in both cases at 18°C (g and k) and significant expression at 31°C (h and l). (B) Adult eye phenotypes observed by monitoring UAS-hid reporter at 18°C, 25°C, and 31°C. (a-c) GMRhs-WtGAL4; (d-f) GMRhs-R15Wgal4; (g-i) GMRhs-K23Pgal4; (j-l) GMRhs-F68Pgal4; (m-o) GMRhs-L70Pgal4. Expression of the toxic hid reporter driven by WT Gal4 resulted in severe eye defects at 18°C and was lethal at 25°C and 31°C. When hid was driven by Gal4 mutants R15W and K23P, a cs phenotype was seen (lethal/abnormal eyes at 31°C, abnormal eyes at 25°C, normal eyes at 18°C). F68P showed a mild cs (abnormal eyes at 31°C and 25°C, slightly abnormal eyes at 18°C), whereas L70P showed WT-like behavior. Both F68P and L70P showed some activity at all three temperatures, although activity was much higher at 31°C than at 18°C. The arrow points to a similar position in all of the eye photographs.
was significantly less stable/less active at higher temperatures compared with the WT (Table 1 and Figs. S1 and S2). In contrast, when both the ccdB and the gal4 mutants were cloned under a heatinducible promoter with low basal expression, the in vivo protein levels could be selectively modulated as a function of temperature. At higher temperatures, the increased quantity of the mutant protein compensated for the reduced activity/stability, yielding a WT-like phenotype, whereas diminished expression levels at low temperatures resulted in a mutant loss-of-function phenotype.
Our data suggest that temperature sensitivity and cold sensitivity are likely threshold phenomena (Fig. 7) . By modulating expression levels, the same change at the amino acid level could give rise to a ts phenotype, a cs phenotype, or both. These studies also confirm and extend an earlier idea that cs mutants are likely to arise in pathways that are inherently cs (23) , whereas ts mutants are likely to arise in pathways or reactions that are inherently ts.
The GAL4/UAS system is used extensively not only in S. cerevisiae, but also in higher organisms such as Drosophila (62) and vertebrates *For residue 160 in Trp1, the rescaled average hydrophobicity value was below the cutoff used to indicate a buried residue; however, the value of the hydrophobic moment was 204, and the residue was predicted to be buried based on this criterion, as described previously (37). such as Xenopus and zebrafish (63, 64) , to study signaling and development. By expressing GAL4 from a tissue-specific driver, spatial resolution of expression of the UAS target gene can be achieved; however, this system lacks temporal resolution. When either the target gene or WT-GAL4 is directly expressed from a heat shock promoter, the low-level basal expression under nonheat shock conditions poses serious problems when studying toxic genes. In our system, we used partial loss-of-function mutants of Gal4 and found no detectable UAS target gene expression under non-heat shock conditions. An alternative Gal80ts-based TARGET method uses a heat-sensitive Gal80 repressor, which represses Gal4 at low temperatures (55) . Compared with the Gal80ts system, our method shows better regulation at the lower temperatures, with no leaky expression of the UAS target gene. Our method requires only two components for spatiotemporal regulation of gene expression, namely the mutant GAL4 expressed from a tissue-specific driver and the UAS transgene, whereas the TARGET methodology requires an additional component, the ts Gal80. The drawback of our system is that a fresh set of transgenic lines needs to be generated for each new driver examined, whereas in the Gal80 system, the Gal80ts needs to be crossed with the existing Gal4 strain of interest before being crossed with UAScontaining strains. It has been shown that introducing HSEs upstream of the TATA box of promoters makes them heat-inducible (65, 66) . Thus, it should be possible to generate heat-inducible variants of the available tissue-specific drivers. We have previously shown that coupling the gal4 mutants examined in this work to constitutive promoters lacking HSEs helps achieve UAS transgene expression selectively at lower temperatures (33, 35) . Thus, by using partial loss-of-function mutants of Gal4 with either constitutive (35) or heat shock promoters coupled to tissue-specific drivers, a wide range of temperatures can be exploited to selectively modulate expression of the UAS target gene and achieve good spatiotemporal regulation of target gene expression. A combination of ts and cs mutants can be used to order gene products along a pathway and determine the different stages at which different genes act, as has been shown previously in cell cycle genes in S. cerevisiae (2) and Schizosaccharomyces pombe (18) , and coat the protein assembly pathway of the P22 phage (14) .
More generally, this work shows that the generation of cs phenotypes need not necessarily involve complex temperaturedependent mutational effects on macromolecular energetics, folding kinetics, or aggregation state. It is instead sufficient to couple rationally designed partial loss-of-function mutants to heat-inducible promoters. Furthermore, these studies highlight the importance of conditional expression and of expression levels, which help modulate and augment the effects of amino acid substitutions to ultimately result in desired phenotypes.
Materials and Methods
All enzymes were obtained from New England Biolabs. LB and YPD were obtained from HiMedia. YNB and casamino acids were obtained from BD Biosciences. Primers were obtained from Integrated DNA Technologies, SigmaAldrich, and the Stanford Protein and Nucleic Acid Facility. 5′-FOA was obtained from Santa Cruz Biotechnology. All other chemicals were obtained from Sigma-Aldrich. Glass capillaries for microinjection were obtained from Clark Electromedical Instruments (GC 100 TF-10). qPCR reagent was obtained from Bio-Rad.
Bacterial Strains and Plasmids. Two E. coli host strains were used, Top10-GyrA462 and DY330. Top10 (Invitrogen) is sensitive to the action of CcdB, and thus the GyrA462 mutation was introduced in its chromosomal DNA to make it resistant to CcdB. This strain, designated TOP10-GyrA462, was used to clone and propagate ccdB-containing plasmids. DY330 (47) is a ts λ lysogen [W3110 ΔlacU169 Gal490 λcI857 Δ(cro-bioA)]. The PRIT2T plasmid (46) was used to clone Fig. 5 . WT and mutant URA3 expression levels increase several-fold at high temperatures. Total RNA was extracted from cells with WT or mutant URA3 under the SSA4 promoter, grown to mid-log phase, and reverse-transcribed. URA3 transcript levels were measured, with ACT1 serving as an internal control. The expression levels of both WT and mutant URA3 at 37°C were approximately 15-fold higher than those at 19°C. In addition, at any given temperature, the transcript levels in the mutants were comparable to those in the WT. The mean and SEM values from two independent experiments are shown. (67), with cells kept for recovery at 30°C for 1 h. Then 5 μL of the transformation mix was streaked on different LB-Amp plates and incubated at 30°C, 36°C, 38°C, and 40°C. The plates were incubated until clear growth of control cells, transformed with vector alone, was seen (∼14 h at 36°C and 38°C; 20 h at 30°C). The control cells did not grow at 40°C, because the strain was heat-sensitive.
Yeast Strains, Plasmids, and Media. Yeast nomenclature is as described previously (68) . The yeast strain used was PJ69-4a (35) . This strain is deleted for GAL4 and its inhibitor GAL80 and also has mutations in the URA3 and TRP1 genes, making it auxotrophic for uracil and tryptophan. The strain contains chromosomal copies of reporter genes for histidine biosynthesis (HIS3), adenine biosynthesis (ADE2), and β-gal (lacZ), placed downstream of the GAL1, GAL2, and GAL7 promoters, respectively. Transcription from all of these promoters is activated by Gal4. LacZ levels were measured by lysing cells in the presence of the chromogenic substrate ortho-nitrophenyl-β-D-galactopyranoside (ONPG) or X-Gal. Expression of the ADE2 reporter was monitored by growing the cells in low-adenine (5 μg/mL) SC-U medium (50) .
All experiments were carried out in haploid cells, mating type a. Plasmid pGBA has mGAL4 cloned under the constitutive ADH1 promoter (35) . mGal4 consists of residues 1-147 (from the DNA binding and dimerization domains) and 840-881 (from the activation domain) of Gal4 connected by a seven-residue linker. This has been shown to activate transcription of reporter genes in yeast, like full-length Gal4 (35) . The plasmid pGBA has a URA3 marker, and selection was on SC-U medium. The mutants R15W, K23P, F68P, and L70P are single-site mutants of mGal4 (35, 36) . The plasmid pSSA4-lacZ has lacZ cloned under the SSA4 heat shock promoter. This plasmid contains the TRP gene, and selection was on SC-W medium (49) . The strain PJ69-4a was grown in rich medium YPD, supplemented with 50 μg/mL adenine. Selection of transformants was done using SC-U medium, pH 4.5 (69) . Both solid and liquid media were supplemented with 45 μg/mL tryptophan and 50 μg/mL adenine (except when ADE2 gene expression was being monitored).
Cloning of WT mGal4 and Mutant mGal4 Under the SSA4 Promoter. The ADH1 promoter in the pGBA plasmid was replaced by the SSA4 promoter, from the pSSA4-lacZ plasmid, by overlap PCR. The 5′ ends of the linear product obtained were phosphorylated, ligated, transformed into E. coli, and screened. The resulting plasmid clone, SSA-GBA, was confirmed by sequencing. The mutants were created by site-directed mutagenesis of the SSA-GBA plasmid. WT SSA-GBA and the mutants were then transformed into yeast (PJ694a), and the transformants were assayed for lacZ and ADE2 reporter gene activity.
Cloning, Expression, and Purification of WT and Mutant Gal4s from E. coli. Residues 1-86 of Gal4 were cloned between NdeI and Hind III sites in pET28a (+) (Novagen), so as to have an N-terminal 6xHis tag. R15W, K23P, and F68P mutants of gal4 were created by site-directed mutagenesis of the WT construct using partially overlapping primers. The clones were confirmed by sequencing. The protein was overexpressed in E. coli BL21(DE3) cells and purified from the soluble fraction of the cell lysate as described previously (70) . Unlike the WT, the mutants were found predominantly in the pellet fraction on lysis. Only F68P was obtained in appreciable yields, and thus only this mutant was used for further binding studies. The binding affinity of WT Gal4 and F68P to the UAS DNA was measured by biolayer interferometry using an Octet RED96 instrument (ForteBio). The thermal stability of WT and the F68P mutant proteins was determined, both in the presence and absence of UAS DNA, using a fluorescence-based TSA (51) performed with an iCycle iQ5 Real Time Detection System (Bio-Rad).
Drosophila Stocks and Genetics. yw,+,K i P p [Δ2-3], UAS-hid, and UAS-nuclear lacZ (UAS-nlacZ) flies were available in the laboratory.
Construction of WT and Mutant Gal4 in pGMRhs. pGMR-1N is a P element vector containing a pentamer of truncated Glass-binding sites derived from the Drosophila Rh1 promoter (54) . This plasmid contains HSEs adjacent to the Glass-binding site. The presence of this hsp70-derived region causes the enhanced expression at higher temperatures observed with this GMR driver, and in this work, this pGMR-1N plasmid is referred to as pGMRhs. In Drosophila, mGal4 has substantially less activity than full-length Gal4 (33), and thus fulllength Gal4 and its mutants were used for all studies in Drosophila. WT and mutant Gal4s were cloned into the pGMRhs vector as described previously (71) .
Germ Line Transformation and Genetics. Transgenic flies were generated by injecting the desired Gal4 derivatives of the vector pGMRhs (0.5 μg/μL) into yw; +; K i P p [Δ2-3] flies, which have an endogenous source of transposase, following standard procedures (35) . The efficiency of obtaining transgenics was in the range of 5-8% of injected flies. Individual flies carrying a single copy of each P element were used to generate stocks. For each construct, insertions were obtained in second, third, and X chromosomes, and homozygous stocks were produced following standard procedures (35) . Transgenic lines carrying the GMRhs-R15W gal4, GMRhs-K23P gal4, GMRhs-F68P gal4, and GMRhs-L70P gal4 inserts were screened with the reporters UAS-hid and UAS-nuclear lacZ (UASnlacZ) (35) . Temperature shift experiments were performed as well. Early third instar larvae were collected in vials from 18°C crosses and transferred to a 31°C incubator. The UAS-hid reporter cross larvae were kept at the transferred Fig. 7 . A threshold model for temperature (heat) and cold sensitivity. The first panel shows that the partial loss-of-function mutant protein has lower specific activity than the WT at all temperatures. The WT had similar specific activity at both low and high temperatures, whereas the mutant specific activity decreased at higher temperatures. The second and third panels explain the threshold model. Threshold refers to the minimal level activity of the protein required for showing a WT-like phenotype and is depicted by a dotted line. Activity refers to the total activity of the protein in vivo. (A) The ts phenotype. Here the mutant is destabilized with respect to WT. Expression from a promoter that is not heat-responsive, such as the constitutive ADH promoter, results in similar levels of protein at both temperatures. At higher temperatures, the stable fraction, and in turn the activity, of the mutant protein falls below the threshold, and the cells display a ts mutant phenotype. (B) The cs phenotypes. Transcription from the heat shock promoter increases with temperature. As a result, the total WT/mutant protein level, and thus activity, are higher at 37°C than at 19°C. For the WT, even the basal level expression suffices and the activity is above the threshold required for a normal phenotype, even at low temperature. The partial loss-of-function mutant is less active compared with the WT. Thus, with the basal level of expression at 19°C, the activity is below the threshold. However, the increased activity of the heat shock promoter at 37°C results in greater levels of the mutant protein at higher temperatures, ensuring that the total activity of the mutant protein is above the threshold required for the WT-like phenotype. Here the heat-induced increase in transcription adequately compensates for the effect of the mutation that decreases activity at higher temperatures, resulting in a WT-like phenotype at higher temperatures.
temperature until eclosion, whereas the UAS-nlacZ reporter cross larvae were kept at the transferred temperature until the late third instar larval stage and then dissected for histochemical and immunohistochemical assays of β-gal expression in the eye-antennal discs.
Cloning, Mutagenesis, and Screening of URA3 Mutant Libraries. The URA3, SSA promoter, and ADH1 terminator sequences were amplified from the SSA-GBA plasmid, the construction of which was described above. Primers were deigned to have 25-bp to 30-bp overlaps with the fragment that was to be contiguous in the final construct. PRS314 (72) was digested with XhoI and BamHI to generate the gapped vector. This was gel-purified and dephosphorylated with Antarctic phosphatase to reduce background. PCR fragments were Dpn1-digested and PCR-purified. Chemically competent cells of PJ694a were generated by the lithium acetate method and transformed with a 1:3 molar ratio of gapped vector and the three inserts. After recombination in vivo, the transformants were selected on SC-W media plates. The clones were then restreaked on SC-U-W plates to select the clones that had WT URA3 cloned efficiently; these are referred to as SSA-URA hereinafter. These colonies were then grown in liquid media, after which plasmids were purified, transformed into and purified from TOP10 E. coli, and confirmed by sequencing. For generating the mutants, primers were designed to have NNN in the place of the WT codon. The WT SSA-URA plasmid served as a template. Fragments were generated using SSA-Fwd primer and URA-mutant-rev primer, such that the first fragment had the SSA promoter and part of the URA3 gene, up to a few amino acids after the site of mutation. The second fragment had the part of the URA gene from a few amino acids before the site of mutation up to the end of the ADH terminator and was generated using URA-mutant forward and ADH terminator reverse primers. The PRS314 gapped vector was generated as described earlier. The gapped vector along with the two overlapping fragments for each mutant library were transformed into PJ69-4a competent cells, and mutant clones were obtained by three-fragment recombination in yeast. Thus, six mutant libraries were generated in yeast, and transformants were selected on SC-W plates.
The NNN library diversity is 64. At least a 20-to 50-fold excess of colonies (1,200-3,000) was obtained upon transformation. The number of colonies in the vector background control was 10-to 20-fold lower than the number of colonies on the library plate. For screening, approximately 400 clones from each library were picked using a colony picker (PM-2s; Microtec), patched on SC-U-W plates in triplicate, and grown at 19°C, 30°C, and 37°C. A WT control and a vector-only control served as positive and negative controls, respectively. The colonies that grew at 37°C and/or 30°C but not at 19°C were taken to be the ones exhibiting cs phenotypes. These were selected, streaked out on SC-U-W plates in triplicate, and grown at 19°C, 30°C, and 37°C to reconfirm the cs phenotype. The cells that reproducibly showed the phenotype were selected and grown in liquid media. Plasmids were purified and transformed into and purified from TOP10 E. coli, and the nature of the mutation was identified by sequencing. All of the finally chosen mutants were confirmed to be single-site mutations, with no insertions or deletions.
Analysis of Transcription from the Heat-Induced SSA4 Promoter at Different Temperatures. The URA3 mRNA levels were measured in cells transformed with the WT SSA-URA plasmid, the L148T mutant, or the F182C mutant after incubation at different temperatures. To measure levels of URA transcripts, qPCR was performed using iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad iCycler thermal cycler. ACT1 (actin) served as an internal control. The sequence of the primers is given in Table S2 .
Cloning, Mutagenesis, and Screening of TRP1 Mutant Libraries. The TRP1 gene was amplified from the vector PRS314. The SSA promoter was amplified from the SSA-GBA plasmid. Primers were designed to have 25-bp to 30-bp overlaps with the fragment that was to be contiguous in the final construct. PCR fragments were Dpn1-digested and PCR-purified. SSA-GBA was digested with BglII to generate the gapped vector. This was gel-purified and dephosphorylated with Antarctic phosphatase. Chemically competent cells of PJ694a were generated by the lithium acetate method and transformed with a 1:3 molar ratio of the gapped vector and the two inserts. The transformants were selected on SC-U media plates. The clones were then restreaked on SC-U-W plates to select the clones that had WT TRP1 cloned; these are referred to as SSA-TRP hereinafter. These colonies were then grown in liquid media, after which plasmids were purified, transformed into and purified from TOP10 E. coli, and had identity confirmed by sequencing.
Mutagenesis was carried out using three-fragment recombination, wherein overlapping fragments, each containing the mutation, were recombined with the SSA-GBA gapped vector as described above for URA3. Thus, three mutant libraries were generated in the yeast strain PJ69-4a, and transformants were selected on SC-U plates. Given the NNN library diversity of 64, at least a 20-to 50-fold excess of colonies was obtained on transformation. The number of colonies in the vector background control was 10-to 20-fold lower than the number of colonies on the library plate. Library screening was done as described for the URA3 libraries by streaking on SC-U-W plates and growing at multiple temperatures.
Additional methodological details are provided in SI Materials and Methods.
